1. Introduction {#sec1}
===============

Azobenzene (AB) dyes undergo trans to cis isomerization under irradiation with UV--visible light (photo-isomerization). The less-stable cis isomer isomerizes spontaneously to the trans isomer in the dark \[thermal isomerization (TI)\]. Azo compounds are molecular photoswitches, and some researchers have realized photoregulation of the functions of biomolecules^[@ref1]^ or light-controlled ion transport^[@ref2]^ by exploiting this isomerization. The TI process is influenced by certain ions in solution. The TI process is catalyzed by H^+^ ions^[@ref3]−[@ref5]^ and is inhibited by OH^--^ ions.^[@ref5],[@ref6]^ These changes can be explained by the formation of cis-azonium ions (−NH--N−) that isomerize easily.^[@ref4]^ The TI of AB dyes is also catalyzed by some electrophilic or nucleophilic agents.^[@ref3]^ However, the mechanism is not yet well-understood.

Among the select metal ions (Cu^2+^, Co^2+^, Ag^+^, and Na^+^), only Cu^2+^ shows pronounced catalytic activity for the TI of unsubstituted AB in aqueous ethanolic (EtOH) solution.^[@ref4]^ Notably, the Au^3+^ ion does not catalyze the TI of unsubstituted AB in aqueous solution.^[@ref7]^ The catalytic activity seems to depend not only on the type of the metal ion but also on the structure of the AB dyes. Although NaCl cannot catalyze the TI of unsubstituted AB in aqueous EtOH solution^[@ref4]^ or that in aqueous solution,^[@ref8]^ it catalyzes the TI of 4-dimethylaminoazobenzene (DMAAB) dyes, that is, methyl orange and methyl yellow (DMAAB) in EtOH.^[@ref9]^

Generally, the TI rate of AB dyes is concentration-independent. However, we found that the TI rate of DMAAB dyes, that is, methyl red^[@ref10]^ and methyl orange,^[@ref9]^ increased as the dye concentration increased. This phenomenon is attributed to catalysis by the cation (i.e., H^+^ and Na^+^ ions) dissociated from the ionic groups (i.e., COOH and SO~3~Na), which are often contained in water-soluble azo compounds. Sanchez et al.^[@ref11]^ reported that the TI rate of methyl orange in aqueous solutions depends on the buffer concentration and attributed this tendency to the acid/base-assisted tautomerization of cis-ammonium ions into cis-azonium ions. We propose that this phenomenon may also be partially attributed to catalysis by the cations contained in the buffer solution.

In this study, we examine the catalytic activity of alkali halides (NaCl, KCl, NaBr, and KBr) for the TI of DMAAB in EtOH. We demonstrate that the catalytic activity of potassium salts is higher than that of sodium salts, which accounts for the interaction between the azo group and the cation.

The catalytic activity of bromine salts is higher than that of chlorine salts; this tendency can be explained by ion association. Sodium salts containing weak acid ions decrease the TI rate, attributed to the decrease in the H^+^ ion concentration in the solution.

2. Experimental Section {#sec2}
=======================

Pump-probe experiments were performed to measure the TI rate. For all measurements, the sample temperature was maintained at 21 ± 1 °C. DMAAB in EtOH was excited using a light-emitting diode pump beam (Thorlabs, M405L3-C1, center wavelength of 405 nm, intensity of ∼28 mW). The duration of the irradiation was 5 s. The TI rate was determined by measuring the transmitted beam intensity of the probe beam of a diode laser (445 nm, 0.9 μW) with a photodetector. DMAAB, NaCl, KCl, NaBr, and KBr were purchased from Kanto Kagaku. MgCl~2~ and EtOH were obtained from Junsei Kagaku. The prepared solutions were kept in a dark room for one night, after which the TI rate was measured.

Geometry optimizations and natural bond orbital (NBO) analyses of the seven structures (*cis*-DMAAB, *cis*-DMAAB adjacent to an Na^+^ ion, *cis*-DMAAB adjacent to a K^+^ ion, *cis*-AB, *cis*-AB adjacent to an Na^+^ ion, *cis*-AB adjacent to a Cu^2+^ ion, and \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^ ion) were performed using the Gaussian 09 package.^[@ref12]^ Density functional theory (DFT) calculations with the B3LYP exchange--correlation functional have often been used to examine the mechanism of operation of enzymes containing transition metals.^[@ref13]^ The calculation must be performed using basis sets of at least triple-ζ quality with at least one set of polarization functions.^[@ref14]^ Thus, we calculated the structures by DFT calculations, employing the 6-311+G(d) basis set. The structure of *cis*-AB adjacent to a Cu^2+^ ion and that of the \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^ ion were calculated by employing the unrestricted B3LYP exchange--correlation functional. The other five structures were calculated using the restricted B3LYP exchange--correlation functional. For three of the structures (*cis*-DMAAB, *cis*-DMAAB adjacent to an Na^+^ ion, and *cis*-DMAAB adjacent to a K^+^ ion), the solvent effects were included using the continuum C-PCM solvation model^[@ref15]^ (ethanol). For the other four structures (*cis*-AB, *cis*-AB adjacent to an Na^+^ ion, *cis*-AB adjacent to a Cu^2+^ ion, and \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^ ion), the solvent effects were included using the continuum C-PCM solvation model^[@ref15]^ (water). The vibrational frequencies for these seven structures were also calculated and it was confirmed that there was no imaginary frequency.

3. Results and Discussion {#sec3}
=========================

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} shows the temporal variation of the absorbance of DMAAB in pure EtOH with a dye concentration of 1.39 × 10^--5^ mol L^--1^, obtained by the pump-probe experiment. Excitation of the sample solution induced a decrease in the absorption coefficient (Δ*A*(*t*)) at 445 nm. After excitation using the pump beam, the absorption coefficient increased owing to TI of the DMAAB molecules. Δ*A*(*t*) was well-fitted by a single exponential

![Temporal change of absorbance of DMAAB in EtOH (1.39 × 10^--5^ mol L^--1^); the orange curve is fitting with a TI rate of 0.024 s.](ao9b04342_0001){#fig1}

The orange curve is a single exponential fitting with a TI rate (*k*~TI~) of 0.024 s^--1^. From repeated experiments with the DMAAB--EtOH solutions, the mean value of *k*~TI~ was found to be 0.0236 s^--1^ and the standard deviation was ±28.7% (these values were obtained from 218 data points).

To examine the catalytic activity of the salt for the TI of DMAAB, the following procedures were performed. First, the TI rate of DMAAB in pure EtOH was measured. Thereafter, a small amount of aqueous \[1% (v/v)\] alkali metal halide (NaCl, KCl, NaBr, and KBr) solution was added and the TI rate was measured again. The concentration of the alkali metal salts in the dye solutions was below the saturation solubilities in EtOH.^[@ref16],[@ref17]^ The TI rate of DMAAB in the EtOH solution increased upon the addition of the aqueous salt solution. The addition of the aqueous salt solution did not induce a spectral change in *trans*-DMAAB.

The free energy of activation for TI, Δ*G*~294K~ = 294*R* ln(294*k*~B~/*hk*~TI~), was calculated, where *k*~B~ is the Boltzmann constant and *R* is the gas constant, as an energy parameter reflecting *k*~TI~ at 294 K.^[@ref18]^

The reduction in Δ*G*~294K~, δΔ*G*, is given by the following equation

Here, Δ*G*~294K~^0^ is the free energy of activation, Δ*G*~294K~, for the TI of DMAAB in pure EtOH and Δ*G*~294K~^salt^ is that in the solution containing the alkali metal salt. δΔ*G* increased when the salt concentration exceeded 1 × 10^--4^ mol L^--1^ ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S1--S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)).

![NaCl concentration dependence of δΔ*G*.](ao9b04342_0002){#fig2}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the relationship between the alkali salt concentration and the mean value of δΔ*G*. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the relationship between δΔ*G* induced by NaCl addition and the DMAAB concentration. δΔ*G* depended on the salt concentration but not on the DMAAB concentration. Similar trends were observed for the other salts.

![Alkali salt concentration dependence of δΔ*G* (mean value); blue = NaCl, red = KBr, green = NaBr, and purple = KCl; DMAAB concentration: 1.39 × 10^--5^ mol L^--1^.](ao9b04342_0003){#fig3}

![DMAAB concentration dependence of δΔ*G* NaCl concentration: blue = 1.39 × 10^--5^ mol L^--1^, red = 1.39 × 10^--4^ mol L^--1^, and green = 1.39 × 10^--3^ mol L^--1^.](ao9b04342_0004){#fig4}

We compared the catalytic activity of the K^+^ ion with that of the Na^+^ ion by, for example, comparing the reduction in the free energy of activation for TI induced by the addition of KCl, δΔ*G*(KCl), with that induced by NaCl addition, δΔ*G*(NaCl). [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} presents a comparison of the δΔ*G* values induced by the addition of alkali salts at salt concentrations above 1 × 10^--4^ mol L^--1^, where the effect of salt addition was clearly observed. The δΔ*G* values used for the comparison are the mean values obtained from more than three data points.

###### Differences in δΔ*G* (Mean Values) Induced by Different Alkali Salts

                  K--Na (J mol^--1^)   Br--Cl (J mol^--1^)         
  --------------- -------------------- --------------------- ----- -----
  6.9 × 10^--4^   347                  738                   541   150
  1.4 × 10^--3^   247                  358                   304   193
  2.1 × 10^--3^   515                  1035                  740   220

The catalytic activity of the K^+^ ions was higher than that of the Na^+^ ions; the difference between KBr and NaBr was larger than that observed between KCl and NaCl. The catalytic activity of the Br^--^ ions was higher than that of the Cl^--^ ions, and the difference between KBr and KCl was larger than that between NaBr and NaCl. We interpret these results as follows.

The DMAAB molecule has a basic azo group. In acidic solutions, the azonium ions easily isomerize via rotation about the −N=N-- bond because of the decrease in the double bond character.^[@ref11]^ It is inferred that the electrostatic interaction between the azo group and the cation also decreases the double bond character of the azo group, and the TI process proceeds faster. An ion with a small ionic radius, such as Na^+^, is effectively solvated in EtOH. For example, the ion pair association constant of NaCl is smaller than that of KCl in EtOH (at 298 K, the ion pair association constants of NaCl and KCl are 44 and 95, respectively^[@ref19]^). The interaction of the solvated Na^+^ ions with the azo group would be smaller than that of the solvated K^+^ ion.

Although the DMAAB molecule has no acidic group to interact with anions, the catalytic activity of Br^--^ salts is higher than that of Cl^--^ salts ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This tendency is attributed to the ion pair association. In some salt solutions, the ion pair association constant decreases as the solubility increases,^[@ref20],[@ref21]^ and the solubility in ethanol follows the order NaBr \> NaCl and KBr \> KCl ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

###### Solubilities in Ethanol

  salt   solubility (mol L^--1^)   references
  ------ ------------------------- ------------
  NaCl   7.43 × 10^--3^            ([@ref15])
  KCl    3.60 × 10^--3^            ([@ref15])
  NaBr   1.97 × 10^--1^            ([@ref15])
  KBr    8.96 × 10^--3^            ([@ref16])

It is deduced that the ion pair constant of the Br salt is smaller than that of the Cl salt in EtOH. In such a case, the concentration of the free cation would be higher in the Br salt solution than in the Cl salt solution, even at the same salt concentration. If the interaction between the free cation and the azo group is stronger than that between the neutral ion pair and the azo group, the Br salts should show higher catalytic activity than the Cl salts. Comparison of the catalytic activity of the K^+^ and Na^+^ ions showed that δΔ*G*(KBr) -- δΔ*G*(NaBr) was larger than δΔ*G*(KCl) -- δΔ*G*(NaCl) ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). This tendency can also be explained by the larger free cation concentration in the Br salt solution. Here, we consider the catalytic activity of the cations again. Because the ion pair association constant of NaCl is smaller than that of KCl in EtOH,^[@ref19]^ the free cation concentration in the KCl--EtOH solution must be smaller than that in the NaCl--EtOH solution at the same salt concentration. However, the addition of KCl led to more pronounced catalytic activity than achieved with NaCl. The interaction of the solvated K^+^ free ions with the azo group must be larger than that of the free solvated Na^+^ ion. We also examined the catalytic activity of MgCl~2~ using the same procedure as that used for the alkali metal halides. First, three DMAAB--EtOH solutions were prepared with a dye concentration of 1.39 × 10^--5^ mol L^--1^ and the TI rate was measured. Thereafter, a small amount \[1% (v/v)\] of MgCl~2~ aqueous solution (1.39 × 10^--5^ mol L^--1^) was added and the TI rate was measured again. The catalytic activity of MgCl~2~ was much higher than that of the alkali metal halide salts. At the salt concentration of 1.39 × 10^--5^ mol L^--1^, the average value of δΔ*G*(MgCl~2~) was ∼13,800 J mol^--1^, whereas δΔ*G*(KBr) was ∼4300 J mol^--1^.

The TI rate of DMAAB in the solution containing the salt ions is given by the following equation

Here, \[C\] and \[salt\] are the dye concentration and salt concentration, respectively; *k*~1~ represents the salt-independent rate constant and *k*~2~ represents the catalytic rate constant for the salt ion. This equation shows that the TI rate becomes constant, *k*~1~, at low salt concentrations (in the present case, the TI rate became constant below 1 × 10^--4^ mol L^--1^). [Equation [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} also explains why the TI rate is independent of the dye concentration (increasing the dye concentration from \[C\] to *n* × \[C\] only caused \[C\] to change to *n*\[C\], while the TI rate did not change).

We optimized three structures (*cis*-DMAAB, *cis*-DMAAB adjacent to an Na^+^ ion, and *cis*-DMAAB adjacent to a K^+^ ion) in EtOH using DFT employing the hybrid B3LYP xc-functional and the 6-311+G(d) basis set. The solvent effects were included using the continuum C-PCM solvation model (ethanol). Comparison of the optimized structures showed that the presence of Na^+^ or K^+^ ions increased the contribution of the quinoidal resonance component (DMAAB-2 in [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} and [S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)). Natural population analysis also showed a slight increase in the negative charge of the azo nitrogen adjacent to the cation (N12 in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)). The increase in the negative charge was larger for *cis*-DMAAB adjacent to an Na^+^ ion than for *cis*-DMAAB adjacent to a K^+^ ion. This tendency can be explained by the lack of EtOH molecules surrounding the cations, where the EtOH molecules separate the cations from the azo nitrogen. The increase in the contribution of the quinoidal resonance component shows the possibility that *cis*-DMAAB adjacent to an Na^+^ ion or a K^+^ ion isomerizes via rotation about the N=N group more easily than isolated *cis*-DMAAB because of the decrease in the double bond character. NBO analysis showed that the natural charge of the cations adjacent to the azo group was 0.98 ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)), which suggests no remarkable charge transfer from the cations to *cis*-DMAAB. The bonding orbital between the cation and nitrogen was not found in the NBO (summary) list in the Gaussian output. Moreover, in the visualized molecular orbitals, no bonding orbital was found between the azo group and the Na^+^ ion or the K^+^ ion. These cations seem to decrease the bond order of DMAAB via electrostatic interactions. Although the cation adjacent to the azo group is solvated by ethanol, electrostatic interactions would be present between the solvated cations and the azo group.

![Resonance components of *cis*-DMAAB.](ao9b04342_0005){#fig5}

Ciccone and Halpern^[@ref4]^ examined the catalytic effects of salts with a known tendency to coordinate with nitrogen (Cu^2+^, Co^2+^, and Ag^+^) on the TI of *cis*-AB in aqueous EtOH solution. Only Cu^2+^ ions have been reported to show catalytic activity. The Au^3+^ ion does not catalyze the TI of *cis*-AB in aqueous solution.^[@ref7]^ In aqueous solution, the Cu^2+^ ion exists as \[Cu (OH~2~)~4~\]^2+^. The Cu^2+^ ion containing *cis*-AB forms a \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^complex ion.

We optimized four structures (*cis*-AB, *cis*-AB adjacent to an Na^+^ ion, *cis*-AB adjacent to a Cu^2+^ ion, and the \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^ ion) in water using DFT employing the 6-311+G(d) basis set. For the two structures including a Cu^2+^ ion, the uB3LYP xc-functional was employed. For the other two structures, the B3LYP xc-functional was employed. The solvent effects were included using the continuum C-PCM solvation model (water).

The ⟨*S*^2^⟩ value of the optimized structure of *cis*-AB adjacent to a Cu^2+^ ion was 0.7654 (the ideal ⟨*S*^2^⟩ value is 0.75 for a doublet). Comparison of the optimized structure of *cis*-AB adjacent to a Cu^2+^ ion with that of isolated *cis*-AB showed that the Cu^2+^ ion induces a large increase in the contribution of the quinoidal resonance component (CAB-2 in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)). NBO analysis showed that the natural charge of Cu^2+^ adjacent to the azo group was 1.1 ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)), which suggests charge transfer from the Cu^2+^ ion to *cis*-AB. Although no bonding orbital between the cation and nitrogen was found in the NBO (summary) list, the visualized highest occupied molecular orbital (HOMO) includes bonding between the Cu^2+^ ion and the azo nitrogen ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)). The visualized (HOMO -- 1) orbital of the \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^ ion also showed bonding between the Cu^2+^ ion and the azo nitrogen ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The optimized structure of the \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^ ion (⟨*S*^2^⟩ = 0.7529) showed a smaller increase in the contribution of the quinoidal resonance component compared with that of *cis*-AB adjacent to a Cu^2+^ ion ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)). NBO analysis showed that the natural charge of the Cu^2+^ ion adjacent to the azo group was 0.90 ([Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)), which suggests charge transfer from the Cu^2+^ ion to *cis*-AB and the three water molecules.

![Resonant components of *cis*-AB.](ao9b04342_0006){#fig6}

![Visualization of HOMO -- 1 for \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^.](ao9b04342_0007){#fig7}

We infer that the bonding between the azo group and the Cu^2+^ ion is related to the catalytic activity for the TI of AB. Attempts were made to optimize the structure of *cis*-AB adjacent to a Co^2+^ ion using DFT, employing the uB3LYP xc-functional and the 6-311+G(d) basis set. However, the SCF calculation did not converge.

The structure of *cis*-AB adjacent to a Na^+^ ion, which shows no catalytic activity, resembles that of isolated *cis*-AB ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)). Moreover, NBO analysis showed that the natural charge of Na^+^ adjacent to the azo group was 0.99 ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf)), which suggests that there was no remarkable charge transfer from the Na^+^ ion to *cis*-AB. The bonding orbital between the cation and nitrogen was not found in the NBO (summary) list. We also visualized the molecular orbitals. However, no bonding orbital was found between the azo group and the Na^+^ ion.

Among the metal ions (such as Na^+^, Cu^2+^, Co^2+^, and Ag^+^), Cu^2+^ and Au^3+^ are characterized by the lowest unoccupied d orbitals, whereas the unoccupied s orbital is lower for the other ions. We calculated the effective nuclear charges (*Z*~eff~) of the lowest unoccupied molecular orbital (LUMO) of the abovementioned ions using the Slaters rule^[@ref22]^ as followswhere *s* is the shielding constant and *Z* is the atomic number. The shielding constant *s* was calculated by the following procedure:

First, the electrons were arranged according to the following pattern

Subsequently, *s* was calculated as the sum of the following contributions:(1)If the LUMO belongs to the \[*n*s, *n*p\] group with the principal quantum number *n* \> 1, the contribution of each other electron within the same group is 0.35, that of each electron in group(s) with the principal quantum number *n* -- 1 is 0.85, and that of each electron in all group(s) with the principal quantum number ≤*n* -- 2 is 1.(2)If the LUMO belongs to the \[*n*d\] group, the contribution of each other electron within the same group is 0.35, the contribution of each electron in the \[*n*s, *n*p\] group is 1, and that the contribution of each electron in all group(s) with the principal quantum number ≤*n* -- 1 is 1.

Next, we calculated the *Z*~eff~ of the LUMO of Cu^2+^, as shown below.

Cu has an electronic configuration of (1s)^2^(2s, 2p)^8^(3s, 3p)^8^(3d)^10^(4s)^1^ and an atomic number of 29 ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). The electron donor would interact with the LUMO of Cu^2+^ (10th orbital of 3d).

###### Electronic Configurations and Effective Nuclear Charges of the LUMO

  Atom   electronic configuration (atom)                     ion      effective nuclear charge of LUMO (ion)
  ------ --------------------------------------------------- -------- ----------------------------------------
  Cu     \[Ne\] (3s, 3p)^8^(3d)^10^(4s)^1^                   Cu^2+^   7.85
  Co     \[Ne\] (3s, 3p)^8^(3d)^7^(4s)^2^                    Co^2+^   4.25
  Ag     \[Ar\] (3d)^10^(4s, 4p)^8^(4d)^10^(5s)^1^           Ag^+^    3.7
  Au     \[Kr\] (4d)^10^(5s, 5p)^8^(4f)^14^(5d)^10^(6s)^1^   Au^3+^   8.2
  Na     \[He\] (2s, 2p)^8^(3s)^1^                           Na^+^    2.2
  K      \[Ne\] (3s, 3p)^8^(4s)^1^                           K^+^     2.2

The *Z*~eff~ of the 10th orbital of 3d is 29 -- (0.35 × 9 + 1 × 18) = 7.85. We found that the *Z*~eff~ of the LUMO of Cu^2+^ is higher than that of the other ions.

It is deduced that a cation having a LUMO with a large effective nuclear charge can interact strongly with the HOMO of the azo group. In other words, the large effective nuclear charge of the LUMO may account for the catalytic activity of the Cu^2+^ ion. The Au^3+^ ion also has an unoccupied d orbital. However, the 5d orbital of the Au^3+^ ion is far from the nucleus and the electrostatic force may be insufficient for interaction with the azo group.

Finally, we examined the catalytic activity of other Na salts (CH~3~COONa, Na~2~HPO~4~, and Na~2~SO~3~) for the TI of DMAAB in EtOH. The solubility data for these salts are not documented. First, we measured the TI rates of DMAAB in pure EtOH. Thereafter, a small amount of Na salt was added to the solution, which was filtered after stirring, and the TI rates were measured again. In contrast with alkali metal halide addition, the addition of these salts decreased the TI rate of DMAAB. The addition of these salts did not induce a spectral change for *trans*-DMAAB. The TI process is known to be catalyzed by H^+^ ions in solution.^[@ref3]−[@ref5]^ In ethanol solutions containing Na salts (CH~3~COONa, Na~2~HPO~4~, and Na~2~SO~3~), the TI of DMAAB is catalyzed by both Na^+^ and H^+^ ions, which are generated by the self-dissociation of EtOH (in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, the effect of H^+^ ions is included in the first term: *k*~1~.). When CH~3~COONa was added to the EtOH aqueous solution, the following reactions proceeded and the concentration of the H^+^ ions decreased.

When NaCl is added, the Cl^--^ ions do not significantly decrease the concentration of H^+^ ions. We infer that the weak acid ions in these salts decrease the H^+^ ion concentration in the solution, and the TI rates decrease.

4. Conclusions {#sec4}
==============

Certain alkali halides (NaCl, KCl, NaBr, and KBr) were found to catalyze the TI of DMAAB in EtOH. The addition of these salts did not induce a spectral change for *trans*-DMAAB. The catalytic effect of these salts depends on the salt concentration but not on the DMAAB concentration. The catalytic activity of K salts was higher than that of Na salts. This tendency is attributed to the interaction between the azo group and the cation. The catalytic activity of Br salts was higher than that of Cl salts. It is inferred that the ion pair association constant of the Br salt in EtOH is smaller than that of the Cl salt, and there are more free cations in the Br salt solution than in the Cl salt solution, even at the same salt concentration. DFT calculations suggest that Na^+^ ions decrease the bond order of the azo group of the DMAAB molecule through electrostatic interactions.

For *cis*-AB, the Cu^2+^ ion is reported to show catalytic activity, whereas Na^+^ ions do not.^[@ref4],[@ref7]^ DFT calculations suggest that Cu^2+^ ions bond with the azo group through the lowest unoccupied d orbital, which has a large effective nuclear charge. For Na^+^ ions that cannot catalyze the TI of AB, such a bonding with the azo group was not observed. We infer that the bonding between the azo group and the Cu^2+^ ion is related to the catalytic activity for the TI of AB.

Some Na salts (CH~3~COONa, Na~2~HPO~4~, and Na~2~SO~3~) decrease the TI rate of DMAAB in EtOH. It is deduced that the weak acid ions in these salts decrease the concentration of H^+^ ions, which catalyze the TI process, in the solution.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.9b04342](https://pubs.acs.org/doi/10.1021/acsomega.9b04342?goto=supporting-info).KCl concentration dependence of δΔ*G*; KBr concentration dependence of δΔ*G*; NaBr concentration dependence of δΔ*G*; calculated bond length from DFT employing the hybrid B3LYP xc-functional, 6-311+G(d) basis set, and CPCM model (ethanol); results of NBO analysis (*cis*-DMAAB, *cis*-DMAAB adjacent to an Na^+^ ion, and *cis*-DMAAB adjacent to a K^+^ ion); bond length calculated using DFT employing the hybrid B3LYP xc-functional, 6-311+G(d) basis set, and CPCM model (water); results of NBO analysis (*cis*-AB, *cis*-AB adjacent to a Cu^2+^ ion, and *cis*-AB adjacent to an Na^+^ ion); visualization of the HOMO of *cis*-AB adjacent to a Cu^2+^ ion; bond lengths calculated using DFT employing the hybrid B3LYP xc-functional, 6-311+G(d) basis set, and CPCM model (water); and results of NBO analysis (*cis*-AB, *cis*-AB adjacent to a Cu^2+^ ion, and \[Cu (*cis*-AB) (OH~2~)~3~\]^2+^ complex ions) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.9b04342/suppl_file/ao9b04342_si_001.pdf))
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